ABSTRACT An in vitro system was used to study the regulation of glucose and acetate utilization by bovine and ovine adipose tissue (AT). Adult nonlactating, nonpregnant cows ( n = 5 ) and ewes ( n = 5 were given limited amounts of feed for 8 to 10 d, then overfed for 10 (ewes) or 21 (cows) d. Perirenal AT explants were incubated for 7 d. The effect of 2 mu/ mL of insulin on glucose utilization was significant in bovine but not in ovine AT during the 1st d in vitro, whereas the relationship was reversed from the 4th d of incubation. The effect of insulin on acetate utilizaKey Words: Ruminants, Adipose Tissue, tion was significant in bovine but not in ovine AT. The addition of dexamethasone (DEX, 100 n M ) to the insulin-supplemented medium increased ( P < .05) glucose and acetate utilization by ovine AT. However, DEX did not affect substrate utilization by bovine AT in the presence of insulin. The DEX alone decreased glucose and acetate utilization by bovine and ovine AT during the first 4 d of incubation. So, the effects of insulin and(or) DEX on substrate utilization differed with species and incubation time.
Introduction
Adipose tissue ( AT) of ruminants differs markedly from that of rats; acetate rather than glucose is the major precursor for fatty acid synthesis, and ruminant AT responds poorly to insulin during short-term incubation (Vernon, 1980) . However, glucose is required for lipogenesis in ruminant AT; it is a precursor for glyceride-glycerol and the major source of NADPH required for fatty acid synthesis (Smith, 1983) . Several reports have documented differences in responses t o insulin or DEX addition to insulinsupplemented medium on lipogenic enzymes and glucose or acetate utilization between bovine and ovine AT explants (Vernon, 1986; Plested et al., 1987; Faulconnier et al., 1994; Faulconnier and Chilliard, 1995) . Thus, the first objective of the present study was to compare the effects of insulin and(or) DEX on glucose and acetate utilization by bovine and ovine AT studied under the same experimental conditions.
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J. Anim. Sci. 1995 . 73:2063 -2070 Moreover, because the response of lipoprotein lipase to insulin and DEX in bovine AT incubated for 2 d (Faulconnier et al., 1994) was less than that observed for human AT after 7 d of incubation (Fried and Zechner, 19891 , the second objective was to determine whether a prolonged incubation period would increase the response of ruminant AT to hormones.
Materials and Methods

Animals and Diets
Adult nonlactating nonpregnant Holstein cows ( n = 5 ) and ewes ( n = 5 ) of the synthetic INRA-401 breed (Romanov x Berrichon du cher) after their third to fifth lactation were used.
Before slaughter, 7-to 9-yr-old cows and 4-to 6-yr-old ewes weighed 675 k 29 and 63 f 6 kg, respectively. Physiological age of ewes and cows can be compared. For example, milk yield is maximum in 3-to 5-yr-old ewes (Marzin and Brelurut, 1979) and 6-to 8-yr-old cows (Ray et al., 1992) . Animals were fed for 8 (ewes) or 10 (cows) d a restricted diet of straw ( 1 kg/d) and hay ( 1.5 kg/d) for cows, or straw only (400 to 500 g/d) for ewes. The diet provided 20 and 22% of the estimated ME requirement for maintenance for ewes and cows, respectively (INRA, 1989) . Then animals were overfed for 10 (ewes) or 21 (cows) d before slaughter to induce a rebound in lipogenic activities (Pothoven and Beitz, 1975) . The animals had ad libitum access to hay and water plus defined amounts of concentrate, and the diet was 188 and 228% of the ME requirement for maintenance for cows and ewes, respectively. The composition of the concentrate mix for the cows has been described previously (Faulconnier, et al. 1994) . The concentrate for ewes contained maize ( 19%), molasses (2%j, dry beet pulp (30%), soybean meal (42%), fish meal ( 5 % ) , and minerals and vitamins (2%). Ewes received 600 g of concentrate the 1st d, 900 g the 2nd d, and 1,200 gld from the 3rd d. Body condition was scored on a scale of 0 (very thin) to 5 (very fat). Before slaughter, the body condition of cows and ewes averaged 2.5 k .60 and 3.05 f .27, respectively. Cows were killed with a captive-bolt humane procedure, and ewes were exsanguinated. After death, samples of perirenal AT were excised aseptically and placed immediately into an incubator vessel containing sterile Hank's buffer (Gibco BRL, Cergy-Pontoise, France) pH 7.4 at 37°C.
Adipose Tissue Incubation
Perirenal AT was finely cut freehand into 10-to 15-mg pieces of uniform shape and incubated as described previously (Faulconnier et al. 19941, except that the sodium acetate concentration was 7.6 d. The AT explants were incubated for 7 d. For each animal, AT explants were incubated in duplicate for each medium (i.e., control, insulin [2 mU/mLl, DEX [l00 nMl , and insulin [2 mU/mLl plus DEX [l00 n M l ) and for each incubation time (from 1 to 7 d). Those concentrations of insulin and DEX were used to achieve maximum stimulation of substrate utilization by ovine and bovine AT (Vernon and Taylor, 1988; Faulconnier et al., 1994) . The incubation medium was changed once daily. Samples of each medium were retained after each 24-h incubation and stored at -20°C until glucose, acetate, and insulin were quantified.
Assays of Substrates
The amount of glucose removed daily from the incubation medium by AT explants was determined by measuring glucose concentration at the beginning and end of each 24-h incubation period for 7 d. The glucose concentration was assayed with the glucose dehydrogenase method (Bergmeyer, 1974) Glucose and acetate utilizations were expressed in micromoles of glucose and acetate removed from the incubation medium.24 h-1-106 adipocytes-l. Intraassay CV for acetate and glucose concentration and the CV of the incubation procedure were reported previously (Faulconnier et al., 1994) .
Assay of Insulin
The amount of insulin removed daily from the incubation medium by three bovine and three ovine AT explants was measured in duplicate with a commercial RIA kit (INSI-PR, Oris industry, Gif-surYvette, France). Assay sensitivity was 3.6 pU/mL, and variations within and between assays were 5 and 4%, respectively. 
Adipose Tissue Cellularity
Statistical Analyses
Data from both species and all incubation times were analyzed together with the GLM procedures of SAS (1987; Table 1 ). The model included the effects of species ( a ) , individual within species ( b ) , insulin ( c ) ,
within-animal profile of hormonal treatment ( i 1, day of incubation ( j 1, species x day ( k ) , insulin x day ( 1 ) , DEX x day ( m ) , species x insulin x day ( n 1, species x DEX x day ( 01, insulin x DEX x day ( p ) , and species
x insulin x DEX x day ( 9 ) . The effect of ( b was used as the error term for the factor ( a ) (between-animal variation). The effect of ( i ) was used as the error term for the factors ( c ) to ( h ) (within-animal, between hormonal treatment variation). The residual error for the model was used as the error term for the factors ( j ) to ( q ) (within-animal, within hormonal treatment variation). The species x day, species x DEX x day, and species x insulin x DEX x day interactions were not significant ( P > .44), so they are not presented in the results.
When there was a significant day effect or interactions involving day, their sums of squares were partitioned (Winer, 1971) into sums of squares for 
hd = day ( 1 to 7 for glucose utilization, data from Figure 1 ; 1 and 2 vs. 3 and 4 vs. 5, 6, and 7 for acetate utilization, data from Figure 2 ).
polynomial (i.e., linear, quadratic, and cubic) contrasts ( Table 2 ). The sums of squares for interactions were also partitioned. For example, a "species x day" significant linear contrast expresses the effect of fitting two different linear relationships, one for each level of the factor "species," instead of a single overall linear contrast.
Data presented in Figures  1 and 2 were also analyzed for each species and each incubation time with the GLM procedures of SAS ( 1987) according to a mathematical model taking into account the animal effect, and comparing the four treatments (control, insulin, DEX, and insulin + DEX). The differences between two treatments were tested using the Student-Newman-Keuls test with a probability of .05 or .l. The temporal changes in substrate utilization were analyzed using Student's t-test (pairwise t-test for within-animal within-treatment variation) with a probability of .05.
The point-to-point comparisons give information that can be combined with that from an overall timetrend analysis to give a more thorough understanding of the data.
Results
Perirenal Adipose Tissue Weight and Cellularity
The weight of perirenal AT, as a percentage of the total body weight, was approximately two times greater ( P .05) in ewes (1.20 k .42) than in cows (. 67 k .13). However, the ovine AT had smaller ( P < .05) adipose cell diameters ( 11 1 f 9 pm) than the bovine AT ( 122 f 3 ). Correspondingly, the number of adipocytes ( x lo6) per gram of perirenal AT was greater ( P < . l ) in ewes (1.60 k .35) than in cows (1.20 f .17). .BO aData from Figure 1 for glucose and from Figure 2 for acetate utilization. bd = day ( 1 to 7 for glucose utilization; day 1 and 2 vs. 3 and 4 vs. 5, 6, and 7 for acetate utilization).
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Figure 1. Effects of insulin (2 mU/mL) and(or) dexamethasone (DEX, 100 nM) on glucose utilization by bovine and ovine adipose tissue explants. Effects of insulin (0) or DEX ( 0 ) were tested against incubation without added hormone (control, 0). Effect of DEX addition to the insulin-supplemented medium (m) was tested against incubation with insulin alone (0). Pooled within-treatment SEM for d 1 to 7 were 6.2,6.3, 3.6,3.1, 2.9, 5.0, and 4.4 in cows and 3.6, 3.5, 3.8, 3.8, 3.9, 4.6, and 5.1 in ewes, respectively. ** or * P .05 or .l, respectively (Student-Newman-Keuls test).
Insulin Degradation by Adipose Tissue Explants
During the 1st and the 2nd d in vitro, 60 f 11% ( n = 6 ) and 27 _+ 9% ( n = 61, respectively, of the insulin added each day to the medium was degraded by AT from the two species. Then the amount of degraded insulin remained stable (30 to 40% degraded) from d 2 to 7 of incubation. Ninety-eight percent of the added insulin was recovered when control incubations were performed without AT in the medium.
Glucose and Acetate Utilization by Adipose Tissue Explants
Overall Analysis. For glucose utilization, the main effects of species, insulin, and day of incubation were significant, as were several interactions: insulin x DEX, species x insulin, species x insulin x DEX, insulin x day, DEX x day, and species x insulin x day ( Table 1) . The effect of day of incubation on glucose utilization was complex, with significant linear, quadratic, and cubic terms (Table 2 ). All three terms were changed significantly by interaction with insulin. The linear effect of day also was changed significantly by interaction with DEX, or with species x insulin ( Table  2) .
For acetate utilization, the main effects of insulin and day were significant, as were the insulin x DEX, DEX x day, and insulin
x DEX x day interactions ( Table 1 ). The effect of day of incubation was linear and quadratic, and the linear term was changed by interaction with DEX (Table 2 1 Acetate utilization was similar for the two species and decreased (97, 36, and 16 pmol.24 h-l.1OP6 adipocytes-l) from d 1 and 2 to d 3 and 4, and d 5 , 6, and 7, respectively (Figure 2 ). The acetate utilization by ovine and bovine AT on d 1 and 2 (97 pmol.24 h-l.106 adipocytes-l) was three times greater than the glucose utilization (33 pmol.24 h-l.106 adipocytes-l), but then glucose and acetate utilization became similar ( 16 pmol-24 h-l.106 adipocytes-l) on d 5, 6, and 7 (Figures 1 and 2 ).
Responses to Insulin. The addition of 2 mU/mL of insulin to the incubation medium increased ( P < .001) glucose utilization by bovine and ovine AT explants (Table 1 1. However, the effect of insulin differed ( P < .001) with species and incubation time (species x insulin, and species x insulin x day of incubation; Table 1 ). The effect of insulin during the 1st d of incubation was greater in bovine (+67%, P < . l ) than in ovine AT (+20%), whereas the contrary was true from d 3 until the end of incubation (Figure 1 ).
Indeed, insulin increased ( P < .05) glucose utilization by ovine AT from d 3 (+110%) to 7 (+170%), whereas the increase was less in bovine AT (+80 and +50% on d 3 and 7, respectively) and significant on d 3, 4, and 5 only (Figure 1 ). Glucose utilization by bovine and ovine AT in the insulin-supplemented medium increased ( P < .05) from d 1 to 2, but then it decreased ( P < .05) from d 2 t o 7 in bovine AT, whereas it did not change significantly in ovine AT (Figure 1 ). < la2 x 3&4 x 5,6,&7 > < l&2 x 3&4 x 5,6,&7 >
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Figure 2. Effects of insulin ( 2 mU/mL) and(or) dexamethasone (DEX, 100 nM) on acetate utilization by bovine and ovine adipose tissue explants. Effects of insulin (0) or DEX (a) were tested against incubation without added hormone (control, 01. Effect of DEX addition to the insulin-supplemented medium (m) was tested against incubation with insulin alone (U). Pooled within-treatment SEM for d 1-2, 3-4, 5-6-7 were 15.7, 6.1, and 8.8 in cows and 9.1, 6.7, and 5.0 in ewes, respectively. ** or *, P < .05 or .l, respectively (Student-Newman-Keuls test).
The addition of insulin to the medium increased ( P < .001) acetate utilization by ovine AT and more markedly by bovine AT explants (Table 1; Figure 2 ). Indeed, insulin increased ( P < . l ) acetate utilization by bovine AT on d 1 and 2 but had no effect on ovine AT during this period (Figure 2) . Moreover, insulin increased ( P < .05) acetate utilization by bovine AT by 115 and 171% on d 3 and 4 and d 5, 6, and 7, respectively, whereas it increased less markedly acetate utilization by ovine AT on d 3 and 4 (+55%, not significant) and d 5, 6, and 7 (+142%, P < . l ; Figure 2 ).
Responses to Dexamethasone. The effect of DEX ( 100 n M ) on glucose and acetate utilization changed ( P < .001) with incubation time (day X DEX; Table 1 ). The addition of DEX alone to the incubation medium decreased ( P < . l ) glucose utilization during the first 2 d of incubation by bovine AT, and more markedly ( P < .05) by ovine AT explants ( -56 and -51% on d 1 and 2, respectively; Figure 1) . Then, on d 3 and 4, the inhibitory effect of DEX ( P < .05) was similar for the two species (-43 and -48% for cows and ewes, respectively; Figure 1) . After 4 d of incubation, DEX had no significant effect on glucose utilization for ovine and bovine AT (Figure 1 ). The addition of DEX to the medium also decreased ( P < .05 1 acetate utilization by bovine ( -5 1% 1 and ovine (-50%) AT explants on d 1 and 2 (Figure 2 ). After this, there was no significant inhibitory effect of DEX for the two species (Figure 2) .
Effects of Dexamethasone Addition to the InsulinSupplemented Medium.
The effect of DEX addition to the insulin-supplemented medium on glucose utilization differed ( P < .O 1) with species (species x insulin x DEX; Table 1 ). In bovine AT explants, the addition of DEX to the insulin-supplemented medium decreased ( -32%, P < . l ) glucose utilization during the 1st d of incubation but had no effect from d 2 to 7 (Figure 1) . In ovine AT explants, the addition of DEX to the insulin-supplemented medium did not change glucose utilization on d 1 and 2, but it increased ( P < .05) this utilization from d 3 (+25%) to 7 (+60%; Figure 1 ). Moreover, glucose utilization in the medium supplemented with insulin plus DEX increased ( P < .05) from d 1 to 2 for the two species, but then it decreased ( P < .05) in bovine AT from d 2 to 7, whereas it remained unchanged in ovine AT during the same period (Figure 1 ). The addition of DEX to the insulin-supplemented medium did not change acetate utilization by ovine AT on d 1 and 2, but it increased ( P < .05) this utilization on d 3 and 4 (+74%) and d 5 , 6 , and 7 (+120%; Figure   2 ). However, it did not change acetate utilization by bovine AT (Figure 2 ).
Discussion
In basal conditions, the incubation of bovine and ovine AT resulted in approximately 50 and 80% reductions in glucose and acetate utilization, respectively, from d 1 and 2 to d 5, 6, and 7. These results are consistent with the decrease in lipoprotein lipase and glucose-6-phosphate dehydrogenase activities in bovine and ovine AT explants incubated during 7 d (Faulconnier and Chilliard, 1995 and unpublished work) .
Glucose utilization from the 2nd d until the end of incubation was similar for the two species, as was acetate utilization. These results agree with reports from Faulconnier et al. ( 1994) and Vernon and Finley ( 1988) on bovine and ovine AT explants, respectively. However, acetate utilization by ovine AT in the present study was 10 times greater than that reported by Vernon (1986) . This difference with our results may be in part because the acetate concentration (2.6 m M ) used by Vernon (1986) was one-third that used in our study (7.6 m M ) . In preliminary studies, we found that 7.6 mM acetate was necessary to avoid substrate exhaustion by the more active tissues before the end of each 24 h-incubation period. The acetate utilization by bovine and ovine AT during d 1 and 2 was greater on a molar basis than that of glucose. This is consistent with the concept that acetate is the primary carbon source for lipogenesis and energy metabolism in ruminant AT (Hanson and Ballard, 1967) .
However, glucose and acetate utilization became similar from d 3 and 4 of incubation. This indicates that ruminant AT explants probably can use glucose interchangeably with acetate for metabolic pathways such as fatty acid synthesis or oxidation, when the glucose availability is high during several days in vitro. Substrates can be used by explants in different ways. Acetate can be oxidized to C02 and(or) incorporated into fatty acids. Adipose tissue also uses some glucose to produce NADPH by partial oxidation via the pentose-phosphate cycle. Moreover, glucose is the only precursor for acylglycerol-glycerol synthesis (Vernon, 19801 , and there is some glucose oxidation via the tricarboxylic acid cycle (Robertson et al., 1982) , although a substantial proportion of glucose taken up by the AT can be recycled as lactate (Robertson et al., 1982) . Furthermore, some glucose carbon can be incorporated into fatty acids when glucose availability is high, as observed in vivo (Ballard et al., 1972) . This is also in keeping with the substantial use of lactate for fatty acid synthesis by ruminant AT in vitro (Smith and Prior, 1986) .
Insulin ( 2 mU/mL) stimulated glucose and acetate utilization by bovine AT explants on d 1 and 2. This agrees with Faulconnier et al. (19941, and it is consistent with the fact that insulin attenuated the decrease in lipogenesis from glucose and acetate during 24 or 48 h of incubation of bovine AT explants (Etherton and Evock, 1986; Miller et al., 1991) . However, insulin did not change acetate utilization by ovine AT explants on d 1 and 2, and 2 d of incubation were necessary before the response to insulin on glucose utilization became significant. These results are contrary to those of Vernon and Taylor ( 1988) for ovine AT; they reported that insulin (2.5 mU/mL) increased ( P < .05) glucose and acetate utilization by explants of ovine subcutaneous AT after 24 h of incubation. This discrepancy could be because, under basal conditions, acetate and glucose utilization by ovine AT was 10 and 4 times greater, respectively, in our study than in that reported by Vernon and Taylor (1988) . Moreover, the question arises whether ovine 1 FAULCONNIER perirenal AT is less sensitive to insulin than subcutaneous AT.
The effect of insulin on glucose utilization from d 3 to 7 was greater in ovine than in bovine AT, whereas the effect on acetate utilization was greater in bovine than in ovine AT. We can speculate that the insulinstimulated fatty acid synthesis from acetate, after 2 d in vitro, was greater in bovine than in ovine AT. Moreover, it is possible that the glucose transporter was more responsive to insulin after 3 d of incubation in ovine than in bovine AT. Further studies are needed to determine why the insulin effect differed with species, incubation duration, and the substrate used.
The addition of 100 nM DEX to the incubation medium decreased glucose and acetate utilization by ovine and bovine AT explants during the first 4 d of incubation. The magnitude of the decrease (by approximately 47 and 49% for glucose and acetate utilization, respectively) was similar for the two species. These results agree with Vernon (19861, Plested et al. (19871, and Vernon and Taylor (1988) , who reported that the addition of DEX decreased glucose (from 62 t o 94%) and acetate (from 24 to 50%) utilization by ovine AT explants incubated from 24 or 48 h. We are not aware of any report on the effect of DEX on glucose or acetate utilization by bovine AT. The inhibition of acetate utilization by glucocorticoids (Figure 2 ) could be due at least partly to the inhibition by these hormones of fatty acid synthesis from acetate (ovine, Vernon and Finley, 1988; bovine, Etherton et al., 1987) . Another possibility is that DEX decreased glucose and acetate oxidation. Indeed, in rat adipocytes, DEX decreased glucose oxidation and glucose incorporation into lipids (Olefsky, 1975; Roth and Livingston, 1976) . Glucocorticoid addition inhibited the hexose transport system in rat AT (Olefsky, 1975; Malchoff et al., 1982; CarterSu and Okamoto, 1985) , whereas in sheep AT the site of inhibition by glucocorticoids was subsequent t o glucose transport (Plested et al., 1987) .
The addition of 100 nM DEX to the insulinsupplemented medium ( 2 mU/mL) did not change glucose and acetate utilization by bovine and ovine AT during the first 2 d of incubation. These results agree with Faulconnier et al. (1994) for bovine AT and Vernon and Taylor ( 1988) for ovine AT. Etherton and Evock (19861, Etherton et al. (19871, andVernon and Finley (1988) reported that glucocorticoids potentiated the ability of insulin to maintain fatty acid synthesis from acetate, after 48 h of incubation, in ruminant subcutaneous AT explants. These reports seem to contradict our data on glucose and acetate utilization after 2 d of incubation. Perhaps DEX may be involved in metabolic pathways other than de novo lipogenesis, such as oxidation (see above), which could change the effects on total glucose or acetate utilization.
From d 3 and 4 to d 5, 6, and 7, the effect of DEX addition to the insulin-supplemented medium differed with species. In ovine AT, the combination of insulin plus DEX in the medium maintains glucose and acetate utilization from the 3rd d of incubation, in contrast to insulin alone. The DEX could influence insulin receptor numbers or affinity in ovine AT during long-term (more than 2 or 3 d ) incubation. However, DEX addition to the insulin-supplemented medium did not change glucose or acetate utilization by bovine AT from d 3 t o 7. Several studies with rat AT explants (Malchoff et al., 1982) or adipocytes (Van Putten et al., 1985; Carter-Su and Okamoto, 1987) , incubated for 24 or 48 h, indicated that DEX inhibited insulin-stimulated glucose utilization. Additional studies are needed to determine why the addition of DEX to the insulin-supplemented medium did not change substrate utilization by bovine AT, whereas it increased it markedly in ovine AT.
Differences between ruminant species in the physiological regulation of perirenal AT deserve further investigation.
Implications
This study indicates that bovine and ovine adipose tissue explants remain metabolically active from d 2 to 7 of incubation when maintained in a suitable medium. Moreover, the effects of hormones on substrate utilization differed with species and incubation time. Indeed, the effect of insulin was greater in bovine than in ovine adipose tissue, whereas the contrary was true when dexamethasone was added to the insulin-supplemented medium. Additional in vitro studies on specific products of glucose and acetate metabolism, as well as on in vivo endocrine regulations, are needed to better understand the physiological significance of differences.
